The reflected and transmitted radiance of the earth's atmosphere is calculated by Monte Carlo techniques. The exact scattering function for the aerosols is used as calculated from the Mie theory. The aerosol vs height distributions proposed by Elterman and by Kondratiev et al. are compared. The Rayleigh and aerosol scattering events are included in the calculation, as well as the ozone absorption, where appropriate. Results are given at wavelengths of 0.27 A, 0.3 p, 0.4 ,, 0.7 u, and 1.67 . The mean optical paths of the reflected and transmitted photons, the flux at the lower boundary, and the planetary albedo are tabulated.
Introduction
The radiance of the earth's atmosphere is determined by the multiple scattering of photons from the aerosols and molecules in the atmosphere and by the reflection properties of the ground. Calculations have previously been made for an atmosphere with only Rayleigh scattering and the ground represented by a Lambert's surface; the results have been published in an extremely useful set of tables.' Others have attempted to include the effect of aerosols whose scattering function has a strong forward maximum. Up to the present these calculations have either used an approximate scattering function 2 or an approximation to the contributions from multiple scattering. 3 The Monte Carlo method for following the path of a multiple scattered photon as used in this paper takes into account all known processes that affect the photon without any approximations. In particular, the exact angular aerosol scattering function with a strong forward peak as calculated from Mie theory is used. The results include all orders of scattering and any number of reflections from the ground surface that make any contribution to the radiance. The ground is assumed to be represented by a Lambert's surface. The statistical fluctuations in the result can be held to acceptable levels by following a sufficient number of photon histories. The Monte Carlo method that we use here has been described in detail in the literature. 4 
Method
At each wavelength the Rayleigh attenuation coefficient and ozone absorption coefficient as a function of height are taken from the tables compiled by Elterman 6 (pp. 7-14 to 7-35). Two different aerosol number density distributions with height are used: (1) Elterman's distribution as given on p. 7-2 of Ref. 6; (2) Kondratiev et al., distribution as given in Fig. 16 of Ref. 7 . The main differences between these distributions is that Elterman's has more aerosols in the lowest 2 km of the atmosphere and Kondratiev's has more aerosols at all altitudes above 6 km. At all altitudes above 9 km Kondratiev's distribution has at least ten times as many aerosols as Elterman's and at some altitudes has twenty times as many.
The aerosols are represented by the Haze C model proposed by Deirmendjian. 5 The number density in this model is constant for 0.03 < r < 0.1 A and is proportional to r- 4 for r > 0.1 , where r is the aerosol radius. The scattering function for this distribution of spherical particles was calculated exactly from the Mie theory 9 for the wavelengths used in this calculation. The scattering function is shown in Fig. 1 . The inset in the upper left portion of the figure shows the scattering function near 00. The scattering angle for all aerosol collisions is chosen from this distribution. From these results the aerosol attenuation length as a function of altitude is calculated for both the Elterman and Kondratiev aerosol distributions. The total optical thickness of the atmosphere is calculated from the Rayleigh and aerosol attenuation coefficients and the ozone absorption coefficient. The atmosphere is divided into a number of layers, and the ratio of the Rayleigh extinction to total cross sections and the scattering to extinction cross section for both the lie and Rayleigh particles is established in each layer. The probability of ozone absorption is also calculated from the ozone absorption coefficient for each layer. All calculations are done with the optical depth as the parameter. Input data given as a function of altitude are changed to optical depth as the parameter for use in the program.
Radiance at 0.7 ,4
The reflected and transmitted radiance at the top and bottom, respectively, of the atmosphere at 0.7 are shown in Fig. 2 as a function of the cosine of the zenith angle ().
The cosine of the solar zenith angle (o) is -1 (sun at the zenith) for this figure. Curves are shown for various surface albedos A. A Lambert surface is assumed to represent the ground. A unit incident flux through a surface perpendicular to the incident beam is assumed at all wavelengths.
The radiance calculated for the Kondratiev el a. 7 and EltermanG aerosol distributions are compared for A = 0 and 1. The differences between these two distributions are quite small and may largely be statistical fluctuations in the results. The differences are also small for intermediate values of the albedo. The optical depth of the atmosphere was chosen to be 0.1433 for both distributions in order that the effect of aerosol variations with height on the radiances could be studied for the same value of . This is the value computed for the Kondratiev et a. 7 distribution without ozone ab- Curves are given for various surface albedos A and for the aerosol distributions of Elterman 6 and Kondratiev et al. 7 The optical depth of the atmosphere is 0.1433. All radiance values in this paper are normalized to unit incident flux at all wavelengths. parison. Separate runs with and without the ozone absorption showed that it was sufficiently small to have no appreciable effect on the radiance at this wavelength. In order to compare the two aerosol distributions further, the upward and downward radiance was computed at several different heights in the atmosphere corresponding to T = 0, 0.005, 0.01, 0.02, 0.05, and 0.1433 ( = 0 corresponds to the top of the atmosphere and 0.1433 to the bottom). The results are shown in Fig. 3 . The upward radiance is for A = 0, and the downward radiance is for A = 0.4, as perhaps these values best illustrate the differences in these aerosol distributions.
The upward radiances show the greatest differences between the two distributions at = 0.05 and 0.02 with the Kondratiev distribution always showing the larger radiance values. This can be explained by the following considerations.* A given optical thickness (for example, r = 0.05) occurs at a higher altitude for the Kondratiev distribution (K) than for the Elterman distribution (E). Thus, a larger portion of the Rayleigh scattering occurs below r = 0.05 for the K model than for the E model. Because of the larger number of photons scattered in the backward direction for Rayleigh than for the Mie scattering function, the upward radiance at a given is greater for the K than for the E model. The difference between the two curves is a maximum near the direction that corresponds to the minimum of the Mie scattering function ( Fig. 1) and is somewhat less in the exact backward direction where the Mie scattering function has a small maximum.
The downward radiances for A = 0.4 are always considerably larger for the K model than for the E model near u = 1 (except at the lower surface). This shows clearly the contribution from strong forward scattering of the additional aerosols for the K model. At other angles the downward radiance at the higher altitudes is in general less for the K model. At a given r value (for example, r = 0.01), the K model has fewer Rayleigh particles above this level because of its higher altitude compared with the E model. More photons are scattered in the backward direction by the Rayleigh scattering function than the Mie. Thus, at angles sufficiently far removed from the direction of the incident beam the downward radiance is less for the K model than for the E model. On the other hand, the downward radiance is greater for angles near the direction of the incident beam for the K model than for the E model because of the larger number of photons that have undergone multiple small angle scattering from the incident beam.
The curves for the reflected and transmitted radiance for the entire atmosphere that are given in Fig. 2 are a combination of the typical curves for the Rayleigh and the Haze C scattering function.l In particular, the transmitted radiance for a Rayleigh scattering function * We are indebted to an unknown referee for this explanation. never rises at the zenith; Fig. 2 shows that the actual radiance increases at the zenith because of the aerosol scattering. The reflected and transmitted radiance for yo = -0.1 is given in Fig. 4 . The solar horizon is on the left, the zenith or nadir at the center, and the antisolar horizon at the right. The marked asymmetrical shape of the reflected radiance curves about g = 1 indicates the important contribution from aerosol scattering and cannot be explained by pure Rayleigh scattering. An important parameter is the ratio of the maximum value (at ,g = 0 on solar horizon) to the minimum value (near the zenith toward antisolar horizon) of the reflected radiance. This ratio is approximately 20 and 500 for Rayleigh and Haze C scattering functions, respectively.' 0 The ratio for the earth's atmosphere as shown in Fig. 4 is 36, which shows the contribution from both scattering functions.
Radiance at 0.4 ,u
At a wavelength of 0.4 bt the Rayleigh scattering is more important than the aerosol scattering at all altitudes above 2 km. The calculated radiances are shown in Fig. 5 for jio = -1.
The optical depth of the atmosphere is 0.577. The Elterman aerosol distribution is used in this and all the following calculations reported here. The reflected radiance is now more nearly the curve for pure Rayleigh scattering, although still modified by the aerosol scattering. The variation from zenith to horizon for A = 0 is much less at 0.4 t than at 0.7 . The transmitted radiance varies near the horizon, as would be expected for the Rayleigh scattering function, but also shows the characteristic increase caused by aerosol scattering near the incident direction. The reflected and transmitted radiance for X = 0.4 is shown in Fig. 6 . The reflected radiance for A = 1 increases from the nadir to the antisolar horizon. 10 Thus, the aerosol scattering has only a minor role in determining the radiance. The transmitted radiance of the atmosphere is nearly constant from one horizon to the other (characteristic of Rayleigh scattering) with a slight perturbation that produces a weak maximum around = 0.3 on the solar horizon and around = 0.2 on the antisolar horizon and a weak minimum near the zenith. This variation is characteristic of the transmitted radiance for the Haze C modell and is the contribution from the relatively small number of aerosols.
Radiance at 0.3 ,u
At 0.3 u the ozone absorption is significant. The ozone absorption coefficient is larger than either the Rayleigh or aerosol attenuation coefficient at all altitudes from 10 km to 50 km. The values for the ozone absorption coefficient were taken from Elterman's tables. 6 The reflected radiances for po = -1 are shown in Fig. 7 . The curves are the same for all surface albedos, since very little radiation can penetrate to the surface and back to space with the strong ozone absorption. The curve is very similar to the reflected radiance curve' for large r and a single scattering albedo coo 0.4. The transmitted radiance is shown in Fig. S . There is a variation with surface albedo when an appreciable fraction of the radiation that reaches the surface is scattered by the lower atmospheric layers into the downward direction once again. These curves are again typical of scattering for large T and a single scattering albedo o -0.4. There are fairly large fluctuations in our results for both the reflected and transmitted radiance because of the small numerical values (indicating a small number of photons). However, the general trend of the curves is well established and the small numerical values are in themselves important.
The reflected radiance for = -0.1 is shown in Fig. 9 . The same general remarks apply here as for the case of po = -1. The transmitted radiance is too small to calculate.
Radiance at 0.27 t At 0.27 u the ozone absorption coefficient is larger than either the Rayleigh or aerosol attenuation coefficient at all altitudes. In turn, the Rayleigh attenuation coefficient is larger than the aerosol coefficient at all altitudes above 1 km. The optical thickness of the atmosphere is 73.25. The reflected radiance forAo = -1 and -0. is shown in Figs. 7 and 9 .
When there is Rayleigh scattering and strong absorption, the reflected radiance is ten times as large at the horizon as at the nadir when o = -0.1 (Fig. 9) , but less than twice as large when Ato = -1 (Fig. 7) . The reason is that the first collision of the photon occurs on the average at the same optical depth as measured along the incident path for any angle of incidence. Thus, the first collision is, on the average, ten times nearer the surface when Ato = -0.1 than when .to = -1.
The scattered photon emitted according to the Rayleigh scattering function is, on the average, near an optical depth of 0.1 when r = 0. 1; when it is emitted upward it can escape from the atmosphere at most angles without undergoing further scattering events. Thus, the angular distribution is proportional to the Rayleigh scattering function divided by At (geometrical factor). This is modified near the horizon by multiple scattering, but there is still a strong variation of the reflected radiance with A. On the other hand, when ,o = -1, the first collision is on the average near = 1. Only photons scattered backward toward the zenith direction can escape from the atmosphere with an appreciable probability without further scattering events. Photons scattered into other directions have a high probability of undergoing further scattering events. The resultant multiple scattering greatly reduces the variation of the reflected radiance with At.
Radiance at 1.67 t
The Rayleigh scattering is only of minor importance at 1.67 ,A. The aerosol attenuation coefficient is larger than the Rayleigh below 8 km and above 15 km when the Elterman aerosol distribution is used. There is no ozone absorption. The optical thickness of the atmosphere is 0.123. The reflected and transmitted radiance for Ato = -1 is shown in Fig. 10 . Two different factors in these curves are characteristic of scattering primarily from an aerosol (Haze C) rather than from a Rayleigh scattering functions: (1) the large variation in the reflected radiance as A varies from 0 to 1; (2) the increase in the transmitted radiance near the zenith owing to numerous small angle collisions. The reflected and transmitted radiance for to =-0.1 are shown in Fig. 11 . The following factors in these curves are characteristic of scattering primarily from an aerosol (Haze C) rather than from a Rayleigh scattering function' 0 : (1) for all albedos the reflected and transmitted radiances are considerably greater on the solar horizon than on the antisolar horizon; (2) the reflected radiance for A = 0 varies by several orders of magnitude from the solar horizon to the nadir; (3) the reflected radiance for A = 1 is nearly constant from the antisolar horizon to the nadir; (4) the relatively small variation of the transmitted radiance with albedo particularly from the solar horizon to the zenith.
Mean Optical Path
The mean optical path of both the reflected and transmitted photons is given in Table I . The reflected mean optical path is lower at 0.27 A than at 0.30 ,A since the ozone absorption is much stronger at the former wavelength. As the wavelength increases, the reflected mean optical path decreases as the optical thickness of the atmosphere decreases. The slight relative increase at 1.67 At is due to the predominance of aerosol scattering at this wavelength. For comparison three different values are listed at 0.70 /u: (1) with ozone absorption and Elterman aerosol distribution; (2) no ozone absorption and Elterman distribution; (3) no ozone absorption and Kondratiev distribution. The transmitted mean optical path decreases uniformly with wavelength. The flux at the lower boundary when A = 0 (normalized to unit incident flux) is given in Table I . The tabulated flux includes the incident beam. The flux increases uniformly with wavelength for the values tabulated here. It is determined primarily by the strong ozone absorption in the uv and the rapidly decreasing importance of Rayleigh scattering as the wavelength increases. The variation with angle is interesting. For example, at 1.67 ,A the flux is 0.9837 when Ato = -1, but it is only 0.6811 when ,to = -0.1.
Planetary Albedo
The planetary albedo is given in Table I both 
